Abstract A highly charged manned spacecraft threatens the life of an astronaut and extravehicular activity, which can be effectively reduced by controlling the spacecraft surface charging. In this article, the controlling of surface charging on Chinese Space Station (CSS) is investigated, and a method to reduce the negative potential to the CSS is the emission electron with a hollow cathode plasma contactor. The analysis is obtained that the high voltage (HV) solar array of the CSS collecting electron current can reach 4.5 A, which can be eliminated by emitting an adequate electron current on the CSS. The theoretical analysis and experimental results are addressed, when the minimum xenon flow rate of the hollow cathode is 4.0 sccm, the emission electron current can neutralize the collected electron current, which ensures that the potential of the CSS can be controlled in a range of less than 21 V, satisfied with safety voltage. The results can provide a significant reference value to define a flow rate to the potential controlling programme for CSS.
Introduction
The spacecraft as a probe is floated in space, of which the structure has a potential relative to its ambient plasma [1, 2] . The structure of spacecraft is a capacitance relative to ambient plasma, thus, it can collect current in the charged space environment, leading to structural potential drifting. Spacecraft such as the space station uses high voltage (HV) power systems, in which the structural potential is much higher [3, 4] .
The Chinese Space Station (CSS) will be placed into an inclination angle of 42
• C-43
• C, and its orbit altitude of 400-450 km, which will be operated for 10 years, and support 3 persons for long-term, its total weight can reach 60 tons. The orbit is situated in F2 of ionosphere, where is filled with dense low energy plasma. The larger spacecraft using high voltage solar array can produce structural potential which was 90% of the operating voltage in LEO [5, 6] . The exposed positive electrode potential on the solar array is higher than that environment plasma potential, which can attract electrons from the environment plasma. Meanwhile, due to the larger size of spacecraft, its structure will cut the geomagnetic field and then a potential will be induced. These superimposed potentials will cause higher potential to the spacecraft structure, which will significantly influence the safety of the astronauts' extravehicular activities in manned spacecraft, space docking, and the safety of the spacecraft thermal control systems and energy systems. Therefore, the structural potential of manned spacecraft must be controlled.
In the International Space Station (ISS), the power supplied by the solar array is −160 V, bringing about a dramatic increase to the ISS body of a negative bias relative to the plasma environment which will pose an overwhelming threat to the ISS and astronauts in the initial prediction before the ISS movement [7] . However, the observational data of the Floating Potential Probe (FPP) on the ISS showed that the normal charging events (NCE) were no more than −25 V [8] , while the Floating Potential Measurement Unit (FPMU) installed in 2006, a survey of the charging measurement indicated that there were rapid charging events (RCE) when the ISS escaped from earth's shadow, the floating potential was rapidly up to tens of volts (maximum value reached to −70 V) in seconds, which exceeded the safety voltage of −40 V [9, 10] .
The plasma contactor system was especially researched to control the ISS potential. Emitting plasma particles that produced electron current will control the potential safety within −40 V [7, 11] . Because of the low impedance, high current capability and working on a self-regulating emission control mode, a hollow cathode plasma contactor was the overwhelming choice. The CSS will control the extraordinary produced potential in the same way.
However, in China, studies of charging effect mitigations on spacecraft are fewer. In recent years, more and more researchers have been paying close attention to this issue [12−15] . The Lanzhou Institute of Physics, China Aerospace Science and Technology Corporation (CAST), has engaged in spacecraft products, and its study of long-life and high-reliable hollow cathodes can completely meet the demands of the CSS potential controlling.
In order to control the CSS potential efficiently, a ground experiment is studied. Firstly, the potential produced mechanism of the CSS is described. Then the influential parameters of the plasma contactor currentvoltage (I-V ) model are analyzed. Experimental results are obtained when the minimum xenon flow rate of the hollow cathode plasma contactor is 4 sccm, the CSS potential can be controlled within 21 V.
The CSS charged mechanism
For a huge spacecraft like CSS in the LEO orbit, the structural potential mainly comes from electron current collecting because of HV solar array and induced potential by cutting the geomagnetic field.
Just as the ISS, the CSS will also use the HV solar array. Due to the mass difference, the ambient electrons flux is much larger than that of the ambient ions initially arriving at the solar array surface. When the charging is in equilibrium, in order to make the same quantity of electrons and ions passing in and out of the solar array surface, the negative potential charged area is larger than that of the positive potential. Here, according to Mott-Smith and Langmuir [16] , the positive potential collected current can be formulated as
(1) The negative potential collected current is
where A + and A − are the area of positive and negative charged potentials of the exposed conductor, j e is the collected electron current density, j i is the collected ion current density, j e0 is the collected electron current at zero potential, j i0 is the collected ion current at zero potential, V is the spacecraft surface potential, and α is the ratio of valid surface collected potential.
From the above formula, we can calculate the maximum collected current from the solar array of the CSS is −4.5 A. Taking the design margin into consideration, the maximum emission electron current of the active potential controlling system on the CSS is chosen to be 5 A or equal to the collected electron current.
The induced potential by cutting the geomagnetic field can be calculated through V×B·L. In the LEO plasma environment, the induced potential of the CSS is about 15.6 V. In order to ensure the CSS structural potential is not exceeding 37 V (absolute value), the clamping voltage of the active potential control system cannot exceed 21 V [17] . Therefore, the hollow cathode plasma contactor emission electron current is not less than the collected current of the solar array, so the clamping voltage within 21 V can make sure the safety structural potential of the CSS is 0-37 V.
3 The model of emission electron current The hollow cathode plasma contactor plume approximated spherical symmetry distribution in former experimental tests [18−21] , from which the hypothesis of spherical symmetry was reasonable. Kan Xie has done a lot of work on the cathode plasma contactor used in electrodynamic tether propulsion [22] . We have established the model of emission electron current in the same way. The model is assumed that the electrons and ions coming from the hollow cathode plasma contactor are produced in a spherical plasma region and spread into the surrounding plasma. In this model the plume region from r o to r p (Fig. 1) is only considered, which is called the plasma contactor plume core, and the region within r p is called the inner core. Assuming that ionizing collision only occurs within r p , and r o is the boundary of the contactor plume with ambient plasma. Fig. 1 shows a variation of plasma potential in a typical hollow cathode plume region beginning with the cathode exit in the analytical model region [22] . In the plume core, four particles are considered: the electrons and ions of the cathode exit and those of space environment plasma. The convection flow of those particles depends on the electric potential difference (∆V c ) between hollow cathode and ambient plasma, also the net current flow of the plasma contactor and the space plasma. Because of ∆V c , self-regulation potential control can be achieved, which is the mechanism of active spacecraft potential control.
The model is established to predict the relationship between the net electron-emission current and bias potential ∆V c of the plasma contactor cathode and the space plasma. Here, we mainly analyze the negative bias potential of the hollow cathode relative to space environment plasma. In this analysis, the sign of the parameter ∆V c is positive, and the larger ∆V c values imply larger net electron-emission currents and larger negative magnitudes biases of the cathode.
The former experiments indicate that it is close to plasma potential nearby the cathode exit and the contactor anode potential V D [23, 24] . The plasma potential of located r p , V p,rp , is dependent upon ∆V c ,
The potential V p of the plume core will gradually decrease from V p,rp to ambient plasma potential away from the contactor exit. In our assumed model, the ions generated in the plasma contactor will flow into the ambient plasma, while the ambient ions will be beaten back. The Poisson equation of spherical symmetry is
where V p represents the electrical potential relative to ambient plasma, r the radial position (the centre of the circle is the cathode exit), e the unit charge, ε 0 the permittivity of free space, n ip the ion density produced at the contactor, n io the repelled ambient ion density, n ep the electron density coming from the contactor, and n eo the electron density attracted from ambient plasma. Supposing that ambient plasma ion density is a Boltzmann distribution,
where T eo represents electron temperature (assumed T eo T io ), k is the Boltzmann constant, and n o is ambient plasma density. The Boltzmann equation is also used to model the electron density which expands from the plasma contactor,
The V p,rp represents the plasma voltage, n p plasma density and T ep electron temperature at r p of the contactor, respectively.
When the collected electron current from ambient plasma reaches equilibrium, the ambient electron density can be formulated as
Similarly, the ion density coming from the contactor is
where m e and m i are the mass of electron and ion, and E i is the initial ion energy at the contactor exit. The contactor produced electrons leaving from boundary r 0 depend on ∆V c and their temperature. When there is no electric potential difference (∆V c =0 V), the electron velocity leaving is the thermal velocity, and the current of electrons approximating is
In this equation, some generated electrons from the contactor which have not got enough energy overcoming potential V p,rp are considered.
The details about the derivation step can be found in Ref. [22] . From the above description, the net electronic current from the plasma contactor to ambient plasma can be calculated at a certain ∆V c ,
Ground experiment test
In order to make the space environment simulated more authentic and the contrast with the ISS experiment better, the hollow cathode plasma contactor was placed in an oil-free vacuum system, and the simulation experiment was tested in a plasma source and non-plasma condition. The experimental programme was similar to former experiments [20, 21] . The electrical configuration of the test is the same as Ref. [20] in Fig. 2 . The two powers used in the plasma contactor included the heater supply and the anode supply. The heater power is connected to the heater electrode of the hollow cathode. The positive pole of the anode supply is jointed with the anode pole of the plasma cathode and bias supply with the bulkhead. And the facility is grounded. An additional power supply is used for the bias supply of the potential between the facility ground and the plasma contactor, which simulates the potential ∆V c between ambient plasma and spacecraft structure. To investigate the electron emission characteristics of a hollow cathode plasma contactor, the contactor is biased with the facility ground by a power. Produced electrons of the plasma contactor are collected by the vacuum tank wall, and are, in space, equivalent to be collected by the solar array. The potential ∆V c between the facility ground and the plasma contactor is alluded to as the clamping voltage, also called the anode voltage. The plasma contactor operating in an idle mode happens when the contactor emission current is zero but the contactor is emitting to the anode, while the contactor emission current is non-zero, the plasma contactor is called the clamping mode. The relationship of the xenon flow rate for clamping voltage and clamping current is investigated. Fig. 3 shows that when the electron temperature and the initial ion energy are unchanged at the contactor exit, the increasing ion current of the contactor can increase the maximum net emission current J net . We also provide a comparison with the ground experiment of the plasma contactor unit (PCU) used on the ISS in our model. It is shown that in a small flow rate (3.8 sccm), the J net is about 2 A, while in a higher flow rate (6.2 sccm), the J net is increasing rapidly [21] .
Result and discussion

Fig.3 The effects of I-V characteristics
Because of the significant progress of external ion production in the plume under high electron emission current, the actual bias voltage decreases. In a certain flow rate, when the ∆V c is small, there is a limited increase of the energy of electrons in the inner core, which does not exceed the initial ionization energy of xenon, and the net emission current is also small; the solution has also been obtained in previous studies [21, 25] , and the solution is also similar as the nitrogen is used in a hollow cathode [26] . When the J net exceeds a certain value, the J ip increases obviously and the I-V profile is gentle, and the slope of the I-V profile rises again when the maximum net emission current J net is achieved. Due to ∆V c increasing (J net increases), more electrons from the contactor are accelerated, which exceed the plume ionization energy, and external ionization J ip increases.
The condition of the clamping voltage is not required to be more than 21 V that it is the safety voltage to an astronaut or the extravehicular activity on the CSS, which needs proper net emission current J net to eliminate the collected current. A maximum net emission current J net matches one J ip , and the J ip also corresponds with one flow rate of xenon. From our analog computation, if J net =5 A at the condition of clamping voltage 21 V, the J ip is at least 50-80 mA at r p . Therefore, if the coefficient of utilization and the ion current J ip for the plasma contactor are ascertained, we could predict the required minimum xenon flow rate range.
The purpose for the test is to confirm the minimum xenon flow rate of the plasma contactor, and predict the maximum contactor emission current (clamping current). Firstly, the experiment was tested in the nonplasma source. The anode current was set as 3 A, and flow rates were 4 sccm and 5 sccm. Fig. 4 shows the typical characteristics between the emission current and the xenon flow rate. The plasma contactor presents low clamping voltages (< 21 V) for a xenon flow rate of 5 sccm. Under this flow rate, at 4 sccm, the clamping voltage increases above 21 V as emission currents are greater than 2 A. The result is that in the non-plasma source when the flow rate is 5 sccm, the scope of contactor emission currents is 0 A to 5 A, and the potential can be controlled to be less than 21 V. The data of Fig. 5 are obtained in the plasma source. The plasma source can fully simulate the space environment of the CSS; from Fig. 5 we can see that when the plasma contactor emits electron currents of 0 A to 5 A with the flow rate of 4 sccm, the potential can be controlled in the range of less than 21 V. The coupling effect of the plasma source and the emission electron current may provide a path to transmission of electrons, a lower minimum flow rate is obtained in the plasma source condition. However, the lower xenon flow rate cannot meet the potential control requirement. The test results are similar to the experiments of the ISS, which is the higher the xenon flow rate, the lower the clamping voltage, and in the same clamping current, the higher the xenon flow rate, the lower the clamping voltage [19] . The final defined xenon flow rate for the CSS is relative to the lifetime, stability and xenon reserves of the contactor. The results can provide a significant reference to the program of the xenon flow rate and gas consumption for the potential control.
Conclusion
From the model emission electron current, the increasing ion current of the plasma contactor can increase the maximum net emission current J net . By the coefficient of utilization and the ion current J ip for the plasma contactor, the required minimum xenon flow rate range can be predicted. The comparison with the ground experiment of the hollow cathode used in ISS, showed that the result has better homogeneity. The plasma source can fully simulate the space environment of the CSS, due to the coupling effect of the plasma source and that the emission electron current may provide a path to transmission of electrons, and hence the less minimum flow rate is obtained in the plasma source condition. In severe environment conditions, when the minimum xenon flow rate is 4 sccm, the plasma contactor emits an electron current of 0 A to 5 A in the plasma source, which can control the potential of the CSS under 21 V.
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